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Abstract
Thermal barrier coatings (TBCs) are critical for future gas turbines of advanced coal based
power generation systems. The TBCs are protective layers of low thermal conductivity ceramic
materials, which prevent the damage of components that are exposed to very high temperature of the hot
gases. Due to increasing demand to improve the efficiency, it is necessary to find alternate TBC
materials which can withstand higher temperature for longer period than state-of-art TBCs. The present
study focuses on the Gd2O3 stabilized HfO2 (GSH) as a potential candidate for TBC. GSH materials
were synthesized in bulk and coatings form. The Gd2O3 content was varied in the range of 0-40 mol% in
order to produce GSH materials with a variable composition. The crystal structure, surface morphology,
chemical composition and elemental distribution of the GSH ceramics were investigated in detail as a
function of Gd2O3 content. The GSH coatings were fabricated onto various substrates (SS 403, IN 738
and, Si) by sputter-deposition under variable substrate temperature (RT-500 oC). X-ray diffraction
(XRD) analyses indicate that Gd2O3 addition stabilizes the cubic HfO2 phase. The phase transforms into
fcc pyrochlore (Gd2Hf2O7) increasing Gd2O3 concentration. Scanning electron microscopy (SEM)
studies indicate that the surface morphology of the GSH coatings is dependent on the growth
temperature; the coatings are crystalline at 500 oC. The morphology is characterized by the triangular
nano-grains. The cross-sectional imaging confirms the columnar structure of all the GSH coatings. . The
coatings exhibit high chemical quality. The average roughness of the coating is ~7 nm and does not vary
significantly with the Gd2O3 concentration. The durability of the GSH coatings tested by exposing to the
hot gases produced by combustion of methane-air and syngas-air of various compositions indicate that
the carbon deposits onto the surface. The results obtained are presented and discussed to establish a
correlation between synthesis conditions, microstructure and thermal stability of the GSH coatings for
TBC applications.
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Chapter 1: Introduction
The efficiency of combustion engines depends on the operating temperature. To maximize the
efficiency, operating temperature should be as high as possible. The technical barrier to increase the
operating temperature is the problems and challenges associated with the materials involved. Dedicated
research efforts have been spent to minimize this constraint by developing new alloys, improving
cooling technique and employing thermal barrier coatings [1]. Thermal barrier coatings (TBCs) are thick
or thin films of low thermal conductivity ceramic refractory materials which prevent the damage of the
engine components that are exposed to very high temperature of the hot gases. Currently TBCs are
extensively used as thermal insulators in gas turbine applications [2, 3]. They allow the gas turbine to
operate at a higher temperature by reducing the heat transfer from hot gas to superalloy blades and
thereby improving the efficiency of the gas turbine. The TBC system consists of four layers (Figure 1.1):
a) superalloy substrate b) bond coat c) thermally grown oxide (TGO) and d) ceramic top coat, [1, 4]. A
metallic coating called the “bond coat” is deposited between the top coat and superalloy substrate. The
function of bond coat is to provide oxidation and hot corrosion resistance and to help the ceramic top
coat to adhere with the substrate surface both physically and chemically [2, 3, 5-7]. The bond coat can
be either a diffused aluminide such as platinum aluminide or an overlay coating of general composition
MCrAlY, where M stands for Ni or Co or both, depending on the composition of substrate [2]. The
MCrAlY bond coat can be deposited by vacuum plasma spray (VPS) or low pressure plasma spray
(LPPS) [6, 8], air plasma spray [8], high velocity oxy-fuel spraying (HVOF), electron-beam physical
vapor deposition (EBPVD) and electrodeposition [6]. The diffused aluminide bond coat can be applied
by pack cementation [5], slurry methods and chemical vapor deposition (CVD) [6]. A thin thermally
grown oxide layer (TGO) is formed between the top coat and bond coat due to the oxidation of the bond
coat [5]. This TGO layer consists of mostly alpha-aluminum oxide (α-Al2O3) [2] which prevents the
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oxygen transport to the underlying bond coat [9] thereby protecting the component from high
temperature oxidation. This thin layer of TGO also helps to bind the top coat with the bond coat [2]. The
final layer is the substrate material which is usually Ni or Co based superalloy for gas turbine blade [2,
5-7]. The substrate material is cooled internally by making hollow channels inside it. This cooling along
with the thermal barrier coatings allow the operating temperature to increase higher than the melting
point of substrate material. Thus different layers of different material make the TBC system very
complex. The thickness of each layer is varied depending on the application. Typically, the thickness of
the ceramic top coat varies from 125 to 1000 µm, the bond coat varies from 50 to 125 µm and TGO
varies from 0.5 to 10 µm [2].

Top Coat (125-1000 µm)
Bond Coat (50-125 µm)
Substrate

TGO (0.5-10 µm)

Figure 1.1: The four layers of the Thermal Barrier Coating system.

1.1

The mechanism of reducing surface temperature by TBCs
The thermal barrier coating deposited on the substrate reduces the surface temperature

significantly. The amount of temperature drop across the TBC layer can be found from the Fourier’s law
2

of heat conduction [2] which can be written in one dimension as:
(1.1)
where dQ/dt is the heat flux, K is the thermal conductivity, A is the cross sectional area (perpendicular
to the direction of heat flow) and dT/dx is the temperature gradient in the direction of flow. The negative
sign indicates a temperature reduction that means the heat flows from the hotter section to the colder
section. For thin coatings dT/dx can be approximated as ∆T/∆x [2], where ∆T is the total temperature
drop across the ceramic coatings of thickness ∆x. Equation (1.1) can be rewritten as

(1.2)
From the above equation (1.2), it is evident that the temperature drop ∆T is inversely proportional to the
thermal conductivity k. So the low thermal conductivity coatings have greater temperature drop across
it. For this reason, the top coat of the TBC system is desirable to have as low thermal conductivity as
possible. High thermal conductivity coatings such as metallic coatings will not reduce the surface
temperature significantly due to lower value of ∆T across it. The bond coat for TBC is a metallic coating
which does not help much in reducing the surface temperature.
Since ∆T is proportional to the thickness of the coatings, thicker coatings have greater
temperature drop across it. However, thickness cannot be increased too much for two reasons. First of
all, thicker coatings have more weight which is undesirable for rotating components such as gas turbine
blade. Secondly, thicker coatings have high residual stresses which make the coatings prone to failure
[2].
The temperature drop ∆T is proportional to the heat flux. So it can be concluded that where the
heat flux is high, the temperature drop is also high across the same thickness of TBC. The first stage gas
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turbine blade experiences a higher heat flux than the second stage blade [2]. For same thickness of TBC,
the temperature drop across the first stage blade will be higher than the second stage blade [2].

1.2

Temperature profile across the TBCs
The temperature drop across the TBC is crucial and it is determined by the thermal conductivity

of the TBC material. Lower thermal conductivity results in higher temperature drops across the TBC. It
is reported in literature that a 125 µm thick yttria stabilized zirconia (YSZ) TBC deposited by EBPVD
results in a temperature drop of approximately 139 oC (250 F) across it [2]. This temperature drop
minimizes the oxidation failure of the bond coat by reducing the oxidation rate [5]. Also the durability
and life of the component are increased due to this temperature reduction by TBC [5]. Temperature
profile across the TBC is shown in Figure 1.2. Since the thermal conductivity of the metallic bond coat
is high, the temperature drop across the bond coat is negligible. The new TBC material should have
lower thermal conductivity than current TBC to ensure greater temperature drop across it. With new low
thermal conductivity TBC material, the operating temperature can be increased further which in turn
will increase the efficiency of the system. Also the thickness of the new TBC can be reduced for the
same temperature drop across it, thereby decreasing the mass of the TBC which is a crucial factor for
designing rotating components such as gas turbine blade [2, 10].

4

Figure 1.2: Temperature drop across the TBC system.

1.3

Material selection for TBCs
For the last two decades extensive research efforts have been spent towards finding suitable

TBCs for gas turbines [11, 12]. The ultimate goal is to increase the efficiency of the gas turbine by
increasing the operating temperature. Modern gas turbine operating temperature is higher than the
melting point of the superalloy substrates used to make the turbine [1, 6]. For industrial gas turbines,
turbine gas entry temperature is in the range of 1100-1350 oC [7]. Aero-engines such as military aircraft
turbines can go above 1600 oC [1], commercial aircraft turbines can reach above 1500 oC [1] and
5

modern stationary turbine can reach up to 1500 oC [6], which is higher than melting point of the
superalloy substrate which is approximately 1300 oC [1]. This was possible by improving the cooling
technique and use of thermal barrier coatings. Several properties such as melting point, thermal
conductivity, thermal expansion coefficient, phase stability, oxidation resistance, corrosion resistance,
strain tolerance, elastic modulus, hardness, and density are critical in selecting the material for TBCs [2,
4].

The melting point of the material should be high which will allow increasing the operating

temperature. The thermal conductivity dictates the temperature drop across the TBCs. It is expected for
TBC materials to have as lower thermal conductivities as possible to maximize the temperature drop
across it. Increased durability of the components and reduction in cooling losses are also associated with
low thermal conductivity TBCs [10]. With lower thermal conductivity, the thickness of the TBC can be
reduced for same temperature drop across it and thus weight of the components can be decreased which
leads to high power to weight ratio [10]. The coefficient of thermal expansion (CTE) of the ceramic
coatings should be close to the substrate and bond coat. For example the difference of CTE between
current YSZ and Ni based superalloy is approximately 5×10 -6 oC-1 [9]. Due to this CTE mismatch,
stresses are developed during thermal cycling which lead to the formation of cracks that ultimately
results in the premature failure of the coatings [9]. So the material for TBC should be selected in such a
way to minimize the CTE mismatch. The phase of the TBC material should be stable at high
temperature. This property sets the limit using current YSZ TBC at temperature greater than 1200 oC.
Oxidation resistance should be high to withstand the highly oxidizing operating environment [2]. The
material should have moderate to high corrosion resistance and high strain tolerance [2]. The hardness of
the material should be high to improve the wear and abrasion resistance [4]. The density should be less
to minimize the weight impact on the turbine components [4].

6

1.4

Deposition methods of TBCS
Several techniques such as plasma spray (APS or LPPS) [1, 2, 10], sputtering and electron beam

physical vapor deposition (EB-PVD) [1, 2, 13], chemical vapor deposition (CVD) [5] and sol-gel based
techniques [5] have been employed to deposit thermal barrier coatings. It is well known from the
literature that coatings deposited by air plasma spray (APS) technique have lower thermal conductivity
(0.8-1 W/m-K at 25 oC) [5, 14, 15] than EB-PVD coatings which has a thermal conductivity in the range
of 1.5 – 1.9 W/m-K at 25 oC [5, 7, 14, 16]. However, the APS coatings have a spallation life 8 - 10 times
shorter than the EB-PVD coatings [5, 17]. This difference in thermal conductivity and spallation life
arises from the structure of the deposited coatings. Coatings deposited by EBPVD generally exhibit a
columnar microstructure [1, 2, 10, 13, 18] as shown in Figure 1.3.

Columnar
growth

Figure 1.3: Columnar microstructure of the TBC deposited by EB-PVD process.

1.4

Current TBC material and its limitations
Yttria stabilized zirconia which is generally referred as YSZ materials have been used

successfully as TBCs material for gas turbine application for the last 30 years [4, 12]. YSZ is suitable for
7

TBC application due to its low thermal conductivity, phase stability at relatively high temperature, high
thermal expansion coefficient, and good erosion resistance [9] compared to other ceramics. The high
thermal expansion coefficient of YSZ minimizes the mismatch of thermal expansion coefficient between
the superalloy substrate and coatings. The good erosion resistant property is important due to the impact
of high velocity gas particles with the coatings [5]. According to literature, the best composition is to be
approximately 7 wt% Y2O3 stabilized ZrO2 (YSZ) for gas turbine engine application [2, 9]. This specific
composition (7YSZ) is highly durable [2] and has maximum spallation life due to the formation of
metastable t’ phase [5]. For this reason, this composition is used for most industrial application [2].
However there is issue regarding the stability of YSZ TBCs at temperatures above 1200 oC (1473 K) for
long term operation [3, 11, 19-24]. At temperature greater than 1200 oC, phase transformations occur
from t’-tetragonal to tetragonal and cubic then to monoclinic zirconia. These phase transformations at
elevated temperature associated with a volume change leads to the formation of crack in the coatings
[11, 3, 19-24]. This limits the application of YSZ at elevated temperature.

1.5

Novel hafnia (HfO2) based TBCS
Future generation turbine should operate at high temperature as well as tolerate various fuel

compositions ranging from natural gas to syngas of high hydrogen content. To make DOE’s next
generation turbine (NGT) program successful, new, highly durable and reliable TBC material must be
sought which can withstand very high temperature for longer periods than the current YSZ TBCs. HfO2
based TBCs are promising due to some important characteristics of HfO 2 as listed below.
1. Crystal structure and phase transformation behavior close to ZrO2 [13].
2. Higher melting point (2900 oC) [13].
3. Lower thermal conductivity (1.5 W/m.K) [13].
4. Thermal expansion coefficient close to ZrO2 (~10*10-6 K-1) [23].
8

It is evident from Figure 1.4 that the thermal conductivity of HfO2 (around 1.5 W/m.K) [13, 18]
is lower and the melting point is higher than the current 8 mass%YSZ TBC.

Figure 1.4: Melting point and Thermal conductivity of HfO2 compared to 8mass%YSZ [13,18].

1.6

Gadolinia (Gd2O3) based TBCs
Gd2O3, a rare earth oxide, has been proved to be an attractive stabilizer for reducing thermal

conductivity. Meloney [10] showed that Gd2O3 - HfO2 system with a cubic structure had low thermal
conductivity compared to conventional YSZ TBCs. They also suggested using any composition ranging
from 3-70 mol% Gd2O3 and balance HfO2 for TBC applications. Rahaman et al. [25] showed that
thermal conductivity of Gd2O3 - ZrO2 system is lower compared to conventional Y2O3 stabilized ZrO2
and 4 mol% Gd2O3 stabilized ZrO2 sintered more slowly than similar composition of Y 2O3 - ZrO2
system but have lower resistance to destabilization of the tetragonal (t') phase. Pyrochlores such as
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gadolinium zirconate (Gd2Zr2O7) and gadolinium hafnate (Gd2Hf2O7) are also promising due to their
low thermal conductivity and phase stability at high temperature [4, 26, and 27].

1.7

Nanostructured TBCS
Nanostructured TBCs are of great interest because of its’ potential to have higher hardness,

strength and lower thermal conductivity and high coefficient of thermal expansion [28, 29]. Lower
thermal conductivity may result from enhanced phonon scattering at the grain boundaries [28].
Nanostructured YSZ coatings have good wear and erosion resistance, low thermal conductivity, high
coefficient of thermal expansion and improved mechanical and chemical properties [30, 31]. Wang et al.
[30] proved that nanostructured YSZ coatings have higher isothermal oxidation resistance and thermal
shock resistance. Sun Jie et al. [31] showed that nanostructured coating has a longer thermal cycling
lifetime to exhibit the promising thermal cyclic oxidation resistance. However those investigations were
limited in scope and very little was known about nanostructured Gd 2O3-HfO2 coatings. Various
techniques such as sol-gel process [32], magnetron sputtering (RF/DC) [33, 34], thermal spray [35] and
high velocity oxygen fuel (HVOF) [36] were suggested by different authors to develop nanostructured
coatings.

1.8

Gd2O3 – HfO2 system
Gd2O3 - HfO2 TBC is a relatively new area to deal with. Few researchers investigated on this

area. For this reason, a detailed understanding of the bulk Gd2O3 - HfO2 system as well as the coatings is
missing. In this research, different combinations of Gd2O3 - HfO2 bulk material and coatings were
investigated. The impetus of this work is to explore the possible TBC candidates in the Gd2O3 - HfO2.
The motivation is partly driven by the findings of Meloney’s [10] study on Gd2O3 - HfO2 thermal barrier
10

coatings. However, no detailed studies were found on nanostructured Gd2O3 - HfO2 TBCs. To develop
successful Gd2O3 - HfO2 TBC, it is necessary to understand the microstructure, phase relationships,
thermal properties, mechanical properties and durability of the materials. The Gd2O3 - HfO2 phase
diagram from two different sources is shown in Figure 1.5. It is evident from the phase diagram that
when Gd2O3 concentration is less (<15mol %), two phases (monoclinic and cubic) exist, when
concentration >15mol% Gd2O3, single fluorite phase is formed. This fluorite phase changed to
pyrochlore phase when Gd2O3 concentration is in the range of to 30-40 mol%. Above 40 mol%, the
pyrochlore phase again changed to fluorite phase. All these phases are stable up to very high
temperature which can resolve the issue of phase instability at high temperature of the current YSZ
coatings. In this study 4-40 mol% Gd2O3 and balance HfO2 ceramics were considered for analyzing
bulk behavior as well as coatings.

(a) [10]

(b) [37]

Figure 1.5: Phase diagram of gadolinia-hafnia system.
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1.9

Research objectives
To meet the increasing demand for improving efficiency, it is necessary to find alternate

materials for TBCs applications. It is obvious from the above discussion that nanostructured Gd2O3
stabilized HfO2 is a promising TBC material. Therefore it is necessary to understand fully the behavior
of the Gd2O3-HfO2 bulk material as well as the coatings. The objectives of this study are as follows.


Synthesis of Gd2O3 - HfO2 ceramics by varying Gd2O3 concentration



Understanding the microstructure evolution of the ceramics as a function of Gd2O3 content.



Development of different combinations of high quality Gd 2O3 stabilized HfO2 (GSH) coatings
onto various substrates (IN 738, SS 403 & Si) by varying substrate temperature (RT & 5000C)



Understanding the effect of growth temperature and stabilizer concentration on the crystal
structure and surface morphology of the deposited coatings



Understanding the functional behavior at elevated temperatures



Evaluating the durability of the coatings

12

Chapter 2: Experimental
A wide variety of experimental techniques were employed in this research work. The primary
focus of this experimental research is material synthesis, microstructure analysis, property measurement
and performance evaluation. Accordingly, this chapter provides a description of the experimental
techniques and principles involved. Experimental methods used for materials synthesis are described
first. Subsequently the characterization tools and basic mechanisms involved are discussed. Finally, the
analytical method employed for performance evaluation is presented along with a description of
experimental design.
2.1

Experimental facilities

2.1.1 Precision balance
Mettler Toledo, ML303E precision balance (Figure 2.1) was used to weigh the powders of HfO2
and Gd2O3 to obtain the desired composition. This balance was accurate up to 0.001 gm.
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Figure 2.1: Precision balance.

2.1.2 Mortar
Ceramic mortar (Figure 2.2) was used for grinding and mixing the HfO2 and Gd2O3 powders of
different compositions. Both powders had particle sizes of 400 mesh (37 micron).

Figure 2.2: Ceramic mortar.

2.1.3 Die and Punch
2″ inner diameter die and punch (Figure 2.3) was used make the target material. Mixed powders
of desired composition were poured into the die and compressed to form pellets. The die and punch was
made of stainless steel so that it could withstand high pressure.
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2″

Figure 2.3: 2″ inch diameter die and punch.

2.1.4 Hydraulic compressor
CRAVER 3851 hydraulic compressor (Figure 2.4) was used to make pellet from powder by
compressing the powder at higher pressure. This compressor has maximum capacity of 12 tons or 24000
pounds.
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Figure 2.4: CARVER 3851 hydraulic compressor.

2.1.5 Alumina (Al2O3) crucible
The pellets and samples were kept in highly pure (99.6%) alumina crucible (Figure 2.5) during
sintering in the furnace. The reasons to use alumina crucibles are low cost, high melting point and good
chemical stability at high temperature. This specific 99.6% alumina crucible can withstand 1750 oC
(3182 F) [38].
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Figure 2.5: Alumina crucible.

2.1.6 Furnace
High temperature atmospheric furnace, SentroTech, Model ST-1600C-888 (Figure 2.6), was
used to sinter the sputtering targets and pellets. This furnace has maximum capacity of 1600 oC. The
heating and cooling rate can be adjusted to the requirement. In all experiments, the heating and cooling
rate was maintained at a 10 oC/min.
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Figure 2.6: High temperature box furnace.

2.1.7 Magnetron sputtering
A sputter-deposition system provided by Kurt J. Lesker Co. (Figure 2.8) was used to grow GSH
coatings. The basic mechanism and operating procedures of sputtering process are described below.
Sputtering is a physical vapor deposition (PVD) process of producing thin films and coatings
onto various substrates. The mechanism of sputtering process is shown in Figure 2.9. In sputtering, the
target material is placed on top of a sputtering gun. A sputtering gas usually Argon (Ar) is supplied to
the pre-vacuum chamber [39, 40]. Plasma is created and maintained by supplying negative charge to the
sputtering gun. The positive charged gas ions (Ar+) from the plasma accelerated towards the negatively
charged target surface and hit the target surface at very high speed [41]. This collision causes ejection of
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neutral particles (individual atom, cluster of atoms or molecules) from the target [39]. The ejected
neutral particles travel through the chamber and deposit as a film on the substrate.
In RF sputtering, the power supply is a high voltage RF source which is usually 13.56 MHz [42].
In magnetron sputtering, permanent magnet or electromagnet is used to create the magnetic field [42].
The magnetic field concentrates and intensifies the plasma which results in enhanced ion bombardment
and higher deposition rate [42].

Figure 2.7: Kurt J Lesker Sputtering Machine.

19

Figure 2.8: Sputtering Mechanism.

2.1.8 High resolution scanning electron microscope (HR-SEM)
Microstructure of the bulk material in the form of pellets as well as the GSH coatings was
investigated using Hitachi S-4800 HR-SEM (Figure 2.10).
Scanning electron microscope (SEM) uses electrons instead of light to produce an image. The
schematic of SEM is shown in Figure 2.11. An electron beam is produced by the electron gun. The beam
travels through the microscope which is kept in a vacuum. Electromagnetic lenses (condenser and
objective) are used to focus the beam onto the sample surface. The interaction of the electron beam and
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the sample surface causes emission of electrons (secondary, back-scatter and auger) and x-rays.
Secondary electrons are detected by the detector and converted to a signal which produces the final
image. The resolution of SEM image is very high (1-20 nm) [43] compared to optical microscope
because the wavelength of electron beam is extremely small. Backscattered electron can be detected to
produce backscattering image which is useful for contrasting sample area having different chemical
compositions.

Figure 2.9: Hitachi S-4800 scanning electron microscope.
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Figure 2.10: Schematic of scanning electron microscope.

2.1.9 X-ray diffractometer
Structural characterization of the GSH coatings and bulk materials were investigated using
Bruker D8 Discover advance x-ray diffractometer (Figure 2.12). Cu Kα radiation of wavelength
λ=1.5406 Å was used.
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Figure 2.11: Bruker D8 Discover X-ray Diffractometer.

X-rays are electromagnetic radiation of wavelength varying from 0.1 Å to 100 Å. For diffraction
application short wavelength x-rays, also called hard x-rays (0.1 Å to few Å), are used [44]. X-ray
diffraction is a non-destructive technique of characterizing the crystalline material. An X-ray beam,
produced by the x-ray tube is directed towards the sample. When the beam strikes the sample,
diffraction occurs when Bragg law [45] is satisfied (Figure 2.13) which is:
(2.1)
where d is the interplanar spacing, θ is the scattering angle, λ is the wavelength of x-ray and n is an
integer. Bragg condition is also the condition for constructive interference. Bragg law is satisfied by
varying the angle θ. The diffraction pattern is usually recorded as intensity versus diffraction angle 2θ.
The peak positions in the diffraction pattern are directly related to d and the peak intensity depends on
the atom in the diffracting plane.
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Figure 2.12: Schematic of X-ray diffraction.

2.1.10 Surface profiler
Alpha-Step IQ surface profiler (Figure 2.14) was used to measure the roughness of deposited
GSH coatings. Alpha-Step IQ is a stylus type surface profiler in which a probe runs across a surface to
detect the variations of height as a function of distance. A transducer converts this vertical displacement
to an electrical signal which is processed further to give roughness value.
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Figure 2.13: Surface Profiler Alpha-Step IQ.

2.1.11 Swirl combustor
The swirl flow combustor rig (Figure 2.15) was used to study the durability of the GSH coatings.
The rectangular combustion chamber is optically accessible. The fuel and air enter into the inlet
manifold through five alternate injection holes. All the gases (CH4, H2, CO and Air) were stored in
separate cylinders. Digital flow meters were used to measure the volumetric flow rate ranges from 0 to
500 liter/min. A sample holder was designed for putting the samples inside the combustion chamber.
The design of the sample holder and the fabricated sample holder are shown in figure 2.16 and 2.17
respectively. The sample holder was made of stainless steel so that it can withstand the hostile
environment inside the combustion chamber. The sample holder was designed in such a way that the
impingement angle can be changed. Samples of different sizes can be accommodated by adjusting the
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threaded rod coupler. K-type thermocouple was used to measure the temperature near samples inside the
combustion chamber.

Combustion chamber

Figure 2.14: Swirl combustor [46].
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Figure 2.15: Design of sample holder.

Figure 2.16: Fabricated sample holder.

2.2

Substrate preparation
The GSH coatings were grown onto various substrate materials. Stainless steel, Ni superalloy

and silicon wafers were employed for the coatings’ fabrication. The specifications of these substrates are
presented in Table 2.1.
The IN 738 samples were sectioned using electric discharge machining (EDM) from used turbine
blades. Standard metallographic procedures were performed on SS-403 and IN-738. Using a polishing
metallographic table, the samples were prepped for depositions using silicon carbide (SiC) abrasive
disks and water. The procedure starts with a 120 grit SiC disk that has a 125 µm grading, followed by
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180, 240, 320, 400 and 600 fine grit SiC disks resulting in a 15 µm grading prior to diamond polishing.
A polycrystalline 1 µm diamond compound was used with a glycol-based lubricant on white label cloth
polishing pads. The sample was ultrasonically cleaned in isopropyl alcohol between every step to
ensure grit and residue removal that can build up between the substrate/acrylic mount interface, resulting
in less scratches. All SS-403 and IN 738 substrates were cleaned again before deposition using methanol
and acetone and then dried with nitrogen. Silicon wafers were cleaned with buffered oxide etch (BOE)
to remove any oxide layer on it.

Table 2.1: Specifications of different types of substrates used.
Substrate

2.3

Specifications

Stainless steel 403 (SS 403)

25.4 mm diameter, 2 mm thickness

Ni superllaoy (IN 738)

14 × 14 × 5 mm

Silicon wafer

P type (100)

Synthesis of bulk materials
"

"

Bulk materials in the form of pellets with dimensions 2 and 0.25 in diameter were prepared.
The starting materials were the powders of HfO2 (99.95%) and Gd2O3 (99.999%). The following is the
sequence of steps adopted.
A

Pellets

Step 1: Weighing the powders in their ratio of desired composition. This involves the specific mol%
Gd2O3 (0-40 mol%) and balance HfO2.
Step 2: Grinding and mixing the powders in a mortar
Step 3: Adding 3-4 drops of PVA (polyvinyl alcohol) solution as a binder.
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"

"

Step 4: Transferring the mixed powder into die (2 and 0.25 inner diameter) and compressing at high
pressure using the hydraulic compressor. The pressure of compression was 101,859 (5000 pound force
"

"

on 0.25 diameter pellet) and 7643 psi (2400 pounds or 12 short ton force on 2 diameter pellet)
"

"

respectively for 0.25 and 2 diameter pellets.
Step 5: Sintering the pellets at 1400 oC in a highly pure aluminum crucible (99.6%) in atmospheric
furnace. The heating and cooling of the pellets were carried out at the rate of 10 oC/min.
"

"

"

The fabricated 0.25 and 2 in diameter pellets are shown in figure 2.18. The 2 diameter pellets were
"

used to make sputtering target and 0.25 diameter pellets were taken for the analysis of bulk material.

"

"

Figure 2.17: 0.25 and 2 diameter pellets.

B

Sputtering target
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"

The sintered 2 diameter pellets were attached with the copper backing plate using epoxy glue
(Loctite quick set) to make the proper bonding. The bonding was completed approximately in 2 hours
and the target was ready for deposition.
2.4

Deposition of coatings
Thermal barrier coatings of different compositions of GSH were fabricated using the RF

magnetron sputtering technique. The substrates used for deposition were SS 403, IN 738, and Si. The
GSH coatings were grown on both bare substrates and bond coated substrates. The deposition conditions
are presented in table 2.2. All the samples were placed on a sample holder and high vacuum in the order
of 10-6 torr was created inside the sputtering chamber before allowing the high purity Argon gas
(99.999% pure) to pass through the chamber. The Ar gas flow was maintained at 100 sccm. The target
of desired composition was placed on top of the sputtering gun. A sputtering power of 40 watts was
applied to the target. To avoid any contamination of the deposited coating that may arise from the target
surface, the target was pre-sputtered for 10 minutes. The deposition was carried out both at room
temperature (RT) and at 500 oC. The substrate temperature was maintained using halogen lamps which
were controlled by Athena X25 system.

Table 2.2: Deposition parameters.
Substrate

IN 738, Si

Substrate

Base

Deposition

temperature

pressure

pressure

(0C)

(torr)

(torr)

2×10-6

4.6×10-3

RT

& SS 403
500
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2.5

Structural characterization – XRD
The crystal structure and phases present in the bulk material (Gd2O3 and HfO2 powder and

pellets) and the GSH coatings were investigated using an x-ray diffractometer. Powder XRD was
performed on the pellets and grazing incidence XRD (GIXRD) was performed on the deposited coating
(tube angle 10, scan speed 5 deg./min, current 40 mA and voltage 40 KV). Each scan was run several
times to reduce the noise level. The crystallite size was calculated from XRD patterns using Scherrer
formula [47],
(2.2)
where L is size of the crystallite, K is the shape factor which is taken as 0.9, λ is the wavelength of
incident x-ray which is 0.154 nm, θ is the Bragg angle and B is the full width at half maximum (FWHM)
in radians. The peak position and FWHM value was found by fitting the (111) peak using Gaussian
function. The instrumental peak broadening of 0.17° (FWHM value of HfO2 powder sintered 24 hours at
1400 oC) was subtracted to get corrected FWHM. The lattice constant a, was calculated from the d
value using cubic crystal equation which is
(2.3)
The d value is calculated from the peak position using the Bragg equation in (2.1)
(2.4)

2.6

Microstructure analysis – SEM
The surface morphology of the bulk material and deposited GSH coatings was observed using

scanning electron microscope (SEM). The substrate-coating interface was obtained by cross-sectional
analysis using SEM. The cross-sectional analysis allows to measure the thickness of the coatings and to
investigate the growth behavior the coatings.
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2.7

Chemical composition and Surface mapping – EDS
The chemical composition of the GSH pellets and coatings was investigated by electron

dispersive x-ray spectroscopy (EDS) analysis which was coupled with the SEM. Mapping was carried
out on a particular surface area to analyze the distribution of different elements. The EDS detector
detects the x-ray emitted from the sample surface when the electron beam in the SEM strikes it. The
energy of the x-ray is a characteristic of the element from which it is emitted.

2.8

Surface roughness
The roughness of GSH coatings was measured using a surface profiler. Average roughness, Ra

was measured and plotted as a function of Gd2O3 content. The experimental parameters are shown in the
table 2.3. Each roughness value is average of 2 measurements taken from different locations. Roughness
measurements were carried out on Si substrates.

Table 2.3: Surface roughness parameters.

2.9

Substrate

Cut off

Scan length

Scan speed

Resolution

Si

8 µm

5000 µm

10 µm/sec

0.01 µm

Durability test
The durability of the fabricated GSH coatings onto various substrates was tested by exposing the

coatings at various impingement angles (00and 900) to the hot gases produced by combustion of methane
(CH4) - air and syngas (CO + H2) – air of various compositions. The durability test experiment is shown
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in Figure 2.18. The sample was exposed to the hot gases not the flame. After the exposure the
microstructure of the coatings was analyzed. The test could not run more than 25 minutes at a time due
to the limitation in the experimental setup. After each test, the sample was cooled naturally (natural
convection). The combustion was carried out at atmospheric pressure (1 atm) and temperature (300 K).
Only few tests were carried out using syngas due to the high carbon monoxide (CO) level associated
with the combustion of syngas. The test conditions are presented in Table 2.4.

Sample

Flame

Figure 2.18: Durability test experiment.
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Table 2.4: Durability test conditions.
4 mol% SS 403 500

Test 1

Test 2

Test 3

Test 4

Test 5

12 mol% SS 403 500

38 mol% SS 403 500

(impingement angle: 900) (impingement angle: 900)

(impingement angle: 00)

CH4: 12.1 L/min

CH4: 20.9 L/min

CH4: 23 L/min

Air: 161 L/min

Air: 230 L/min

Air: 225 L/min

duration: 5 minutes

duration: 15 minutes

duration: 6 minutes

Temp.: 600 oC (avg.)

Temp.: 900 oC (avg.)

Temp.: 1000 oC (avg.)

CH4: 21.3 L/min

CH4: 25 L/min

CH4: 21 L/min

Air: 190 L/min

Air: 257 L/min

Air: 240 L/min

duration: 15 minutes

duration: 10 minutes

duration: 34 minutes

Temp.: 1050 oC (avg.)

Temp.: 1000 oC (avg.)

Temp.: 1000 oC (avg.)

CH4: 20.2 L/min

CH4: 23.2 L/min

CH4: 13 L/min

Air: 180 L/min

Air: 267 L/min

Air: 160 L/min

duration: 20 minutes

duration: 20 minutes

duration: 23 minutes

Temp.: 1050 oC (avg.)

Temp.: 900 oC (avg.)

Temp.: 1000 oC (avg.)

CH4: 20.4 L/min

CH4: 24 L/min

CH4: 13 L/min

Air: 175 L/min

Air: 222 L/min

Air: 155 L/min

duration: 20 minutes

duration: 20 minutes

duration: 25 minutes

Temp.: 1050 oC (avg.)

Temp.: 1000 oC (avg.)

Temp.: 1050 oC (avg.)

CH4: 20.0 L/min

CH4: 20 L/min

CH4: 13 L/min

Air: 180 L/min

Air: 222 L/min

Air: 155 L/min

duration: 20 minutes

duration: 20 minutes

duration: 15 minutes

Temp.: 1050 oC (avg.)

Temp.: 1000 oC (avg.)

Temp.: 1050 oC (avg.)
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Test 6

Test 7

CH4: 21 L/min

CH4: 13 L/min

CH4: 13.3 L/min

Air: 180 L/min

Air: 155 L/min

Air: 130 L/min

duration: 20 minutes

duration: 25 minutes

duration: 25 minutes

Temp.: 1080 oC (avg.)

Temp.: 1050 oC (avg.)

Temp.: 1050 oC (avg.)

CH4: 21 L/min

(Syngas)

CH4: 27 L/min

Air: 180 L/min

H2: 2 L/min

Air: 231 L/min

duration: 20 minutes

CO: 20 L/min

duration: 15 minutes

Temp.: 1080 oC (avg.)

Air: 100 L/min

Temp.: 1000 oC (avg.)

duration: 14 minutes
Temp.: 830 oC (avg.)
Test 8

CH4: 21 L/min

(Syngas)

CH4: 23.2 L/min

Air: 180 L/min

H2: 2.17 L/min

Air: 215 L/min

duration: 25 minutes

CO: 25 L/min

duration: 24 minutes

Temp.: 1080 oC (avg.)

Air: 100 L/min

Temp.: 1000 oC (avg.)

duration: 20 minutes
Temp.: 900 oC (avg.)
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Chapter 3: Results and Discussion
The aim of the present work is to investigate Gd2O3 stabilized HfO2 (GSH) ceramics for thermal
barrier coating applications. In this work, the behavior of the GSH bulk material as well as the coatings
was studied. Bulk material in the form of a pellet was analyzed after sintering for 24 hours at 1400 oC in
the atmospheric furnace. Coatings of GSH ceramics were prepared by sputter-deposition. The durability
of the GSH coatings was tested by exposing the coatings to hot gases produced by combustion of
methane (CH4) - air and syngas (CO+H2) – air of variety of compositions. The crystal structure, surface
morphology, chemical purity and elemental distribution were investigated using X-ray diffraction
(XRD), scanning electron microscope (SEM) and energy dispersive X-ray spectrometry (EDS)
respectively. The results obtained are analyzed to derive an understanding of the structure and phase of
the GSH bulk ceramics and coatings. The effect of Gd 2O3 concentration on the microstructure of GSH
ceramics is discussed first. Subsequently, the effect of Gd 2O3 concentration and growth temperature on
the microstructure of GSH coatings is presented. The physical and mechanical properties of GSH
coatings are also discussed. Finally, the results obtained on the GSH coatings exposed to hot gases is
presented and discussed to understand their durability and thermal stability.
3.1

Bulk material characterization

3.1.1 Crystal structure
XRD patterns of as-received HfO2 and Gd2O3 powders at room temperature are shown in Figure
3.1. It is evident (Fig. 3.1a; left panel) that the crystal structure of HfO 2 is monoclinic with lattice
parameters a =5.1156 Å, b =5.1722 Å and c =5.2948 Å. The most intense (-111) peak appeared at
2θ=28.356o, which is in agreement with the literature for monoclinic HfO 2 (JCPDS No. 74-1506).
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Similarly, Gd2O3 exhibits a body centered cubic (bcc) structure (Fig. 3.1b; right panel) with lattice
parameter a=10.813 Å. The strongest (222) peak was found at 2θ=28.578o (JCPDS No. 43-1014).

Gd2O3 powder
Intensity (a.u.)
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HfO2 Powder
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Figure 3.1: XRD patterns of HfO2 and Gd2O3 powders at RT.

The monoclinic HfO2 and bcc Gd2O3 powders were employed in the synthesis of Gd2O3-HfO2
ceramics with variable compositions. Gd2O3-HfO2 ceramics were prepared by varying the composition
of Gd2O3 in the range of 0-38 mol%, rest balanced for HfO2. The crystal structure of the Gd2O3-HfO2
ceramics showed interesting structural evolution as a function of Gd 2O3 content. XRD patterns of the
Gd2O3-HfO2 ceramics are shown in Figure 3.2. The formation of both monoclinic and fluorite phases is
evident from the XRD curves (Fig. 3.2) for Gd2O3 concentration increasing from 4 to 20 mol%, at which
point there is no evidence of monoclinic phase. Gd2O3-HfO2 ceramics with 20 mol% Gd2O3 exhibit only
the fluorite phase. At 38 mol%, face centered cubic (fcc) pyrochlore Gd 2Hf2O7 (a =5.258 Å, JCPDS No.
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24-0425) formation occurs. With the increase of Gd2O3 concentration from 4 to 38 mol%, the structure
is changing from both monoclinic and fluorite to single fluorite and finally to fcc pyrochlore. The
monoclinic (-111) and fluorite intensity ratio is plotted and shown in figure 3.3. It is obvious that the
monoclinic phase is decreasing with increase of Gd2O3 content and at 20 mol%, the phase is completely
fluorite. When the Gd2O3 concentration is 100 mol% (pure Gd2O3), the crystal structure was basecentered monoclinic (a=14.061 Å, b=3.566 Å and c=8.76 Å, JCPDS No. 43-1015) which is different
from Gd2O3 powder pattern obtained at RT. The two phases (monoclinic + fluorite) region from 4-12
mol% Gd2O3 can be viewed as partially stabilized HfO2 because there is not enough Gd3+ ions to fully
stabilize the HfO2. At 20 mol% Gd2O3, there are enough Gd3+ ions to stabilize the HfO2 fully and thus a
single fluorite structure is formed. At 38 mol%, there are more Gd3+ ions to form the pyrochlore
composition and thereby forming fcc pyrochlore structure.
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Figure 3.2: XRD patterns of GSH pellets sintered at 1400 oC for 24 hours.
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Figure 3.3: Monoclinic to fluorite intensity ratio as a function of Gd 2O3 concentration.

The observed crystal structure and phases based on the XRD experiments are presented in Figure
3.4. This phase diagram represents the structural changes as a function of Gd 2O3 content which can be
taken as a reference for analyzing Gd2O3 – HfO2 bulk behavior at 1400 °C.
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Figure 3.4: Observed crystal structure and phases of the Gd2O3-HfO2 system after sintering 24 hours at
1400 oC.

3.1.2 Surface morphology

The SEM images of GSH pellets as a function of Gd2O3 content are shown in Figure 3.5. It is
evident that microstructure of the pellets changes with the Gd 2O3 content. The morphology with
progressive addition of Gd2O3 is believed due to the distortion as a result Gd ions interacting with the Hf
ions in the ceramics.
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(a)

4 mol% Gd2O3

(b)

8 mol% Gd2O3

(c)

12 mol% Gd2O3

(d)

20 mol% Gd2O3

(e) 38 mol% Gd2O3
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Figure 3.5: SEM images of the sintered pellets of different compositions GSH (a) 4 mol%, (b) 8 mol%,
(c) 12 mol%, (d) 20 mol%, & (e) 38 mol%.

3.1.3 Elemental analysis
The EDS spectra of GSH pellets as a function of Gd2O3 concentration are presented in Figure
3.6. The spectra indicate the x-rays emitted from various elements. The peaks corresponding to Gd, Hf,
and O atoms present in the sample are as labeled (Fig. 3.6). The respective energy positions and the
specific X-ray lines from various elements are also indicated in Figure 3.6. The absence of any other
peaks except from Gd, Hf, and O indicate the GSH pellets without any elemental impurities
incorporated during chemical processing and/or handling. The peak intensity of Gd and O is increasing
with the increase of Gd2O3 concentration as it is expected. The elemental composition is presented in
Table 3.1. It can be seen from the table that the total Gd concentration increases from 6.85 wt% to 34.89
wt% in the GSH ceramics. The corresponding total Hf concentration decreases from 87.56 wt% to 58.12
wt% as the Gd2O3 content is increased from 4 to 38 mol%. The composition after sintering was very
close to the starting mixing composition of the powders. This observation indicates that the ceramics
maintain the integrity and chemical stoichiometry upon processing.
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Figure 3.6: EDS spectra of sintered pellets of different compositions. The peaks due to Gd, Hf and O
are as labeled.
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Table 3.1: Elemental composition of the GSH pellets.

Composition

4 mol% Gd2O3

8 mol% Gd2O3

12 mol% Gd2O3

20 mol% Gd2O3

38 mol% Gd2O3

Total

Elements
O

Gd

Hf

Wt%

5.60

6.85

87.55

At%

39.58

4.93

55.49

Wt%

5.51

12.31

82.18

At%

38.99

8.87

52.14

Wt%

6.54

15.53

77.93

At%

43.28

10.46

46.26

Wt%

5.81

24.59

69.6

At%

39.93

17.19

42.88

Wt%

6.99

34.89

58.12

At%

44.38

22.55

33.07

100

3.1.4 Elemental mapping
Elemental mapping on across the surface of the sample (particular surface area) was performed
to investigate the distribution of Gd and Hf atoms. Mapping images of GSH pellets, as a function of
Gd2O3 content, are shown in Figure 3.7. It is obvious from the images that the Gd concentration is
increasing and Hf concentration is decreasing with the increase of Gd 2O3 concentration and the Gd and
Hf atoms are distributed evenly on this particular surface area.
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Hf

Figure 3.7: Surface mapping of sintered different compositions pellets showing the concentration of Gd
and Hf.

3.2

GSH coatings

3.2.1 Crystal structure
XRD patterns of Gd2O3- HfO2 coatings grown at room temperature on SS 403 substrates are
shown in Figure 3.8. The GSH coatings grown at RT are not fully amorphous as indicated by the XRD
patterns. However, the peaks are rather broad indicating that presence of very small nanoparticles.
Interesting to note is the fact that the Gd2O3 addition stabilizes the cubic phase of HfO2 (a=5.115 Å,
JCPDS card no. 70-2831). In case of 38 mol% Gd2O3, the peak position corresponds to face centered
cubic pyrochlore (Gd2Hf2O7) (a=5.258 Å, JCPDS card no. 24-0425). When the Gd2O3 concentration is
high (38 mol%), there is enough Gd3+ ions to form pyrochlore structure. The X-ray peaks corresponding
to diffractions from the various planes are as labeled in Figure 3.8. With the increase of Gd2O3
concentration, the structure of the deposited coating is changing from cubic HfO2 to cubic Gd2Hf2O7.
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Figure 3.8: XRD patterns of GSH coatings grown at room temperature on SS 403 substrate.

XRD patterns of different composition of GSH coatings grown at 500 oC are shown in Figure
3.9. The peaks are sharp and well defined compared to the patterns obtained at RT. A shift in the most
intense (111) peak with increasing Gd2O3 is evident from the XRD patterns. The peak shifts to lower
diffraction angle. Indexing of the patterns indicate that the crystal structure is changing from cubic HfO2
to cubic Gd2Hf2O7 as the Gd2O3 content is increasing from 4 to 38 mol%. The peak intensity for each
composition of the GSH coatings grown at 500 oC is very high compared to the coatings grown at RT
which indicates that the coatings are highly crystalline at 500 oC. The grains are highly oriented along
the (111) direction. The (111) peak position shifts from 2θ=30.320 to 2θ=29.620 with increasing Gd2O3
content from 4 to 38 mol%. This is an indication of the expansion of the lattice by the expansion of the
interplanar spacing, d, with Gd2O3 concentration.
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Figure 3.9: XRD patterns of GSH coatings grown at 5000C on SS 403 substrate and the shifting of the
most intense peak.
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3.2.2 Lattice constant
The lattice constant of the GSH coatings grown at 500 oC was calculated from the d value of the
most intense (111) peak. The peak positions were obtained after fitting the peak with a Gaussian
function. The error in measuring the (111) peak position (2θ) peak was ~0.00150. The fitting of (111)
peak is shown in figure 3.10. The lattice constant is plotted in Figure 3.11 as a function of Gd2O3
content. It is obvious from the plot that the lattice constant of the GSH coatings grown at 500 oC on SS
403 substrate is increasing from 5.101 Å to 5.219 Å as the Gd2O3 concentration increases from 4 to 38
mol%.

Equation

Intensity (a.u.)

Adj. R-Sq

0.98052
Value

Standard

Intensity

y0

5.4524

0.33498

Intensity
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0.00151

Intensity

w

0.3544

0.00314

Intensity

A

86.096

0.70946

Intensity

sigma

0.1772

Intensity

FWHM
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Figure 3.10: Fitting of the (111) peak using Gaussian function.
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Figure 3.11: Lattice constant of the GSH coatings as a function of Gd2O3 content.

3.2.3 Crystallite size
The crystallite size of the GSH coatings was calculated based on the (111) peak using Scherrer
formula and plotted as a function of Gd2O3 content (Figure 3.12). It is evident that, for each
composition, the crystallite size of the coatings grown at 500 °C is higher than the coatings grown at RT.
This increase in crystallite size can be attributed to the addition of extra energy in the form of
temperature during the deposition of the coatings.
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Figure 3.12: Crystallite size of the GSH coatings (grown at RT and 500 0C) as a function of Gd2O3
content.

3.2.4 Surface morphology
The high resolution SEM images of GSH coatings are shown in Figure 3.13. The surface
morphology is remarkably different at various substrate temperatures. The GSH coatings grown at RT
are not fully amorphous as indicated by the SEM images. But the degree of crystallinity is less at RT.
This result is in agreement with the XRD analysis. Coatings grown at 500 oC are highly crystalline for
all the compositions. The grains are nanostructured and triangular in shape at a substrate temperature of
500 °C.
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38 mol% RT
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Figure 3.13: SEM images of the different compositions GSH coatings grown at RT and 500 0C.

Based on the results obtained and results reported for EB-PVD grown yttria-stabilized hafnia
coatings [18] and sputtering grown yttria stabilized hafnia-zirconia coatings [48], it appears that thin,
elongated triangular shape morphology is the characteristic of stabilized hafnia. However, as it is seen in
XRD, the deviation of such morphology with progressive addition of Gd 2O3 is believed due to the
distortion as a result Gd ions replacing the Hf ions.
3.2.5 Clustering
The deposited GSH coatings exhibit dense clustering when the in-situ growth temperature was
500 oC. When the GSH coatings were grown at RT, no such clustering was found from the high
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resolution SEM images. The clustering of GSH coatings grown at 500 oC on SS 403 and IN 738
substrates is shown in Figure 3.14. At a substrate temperate of 500 oC, there is clear evidence of
clustering which can be seen from SEM images. The triangular grains get accumulated and form cluster.
For this reason, grain sizes become larger in the clustering region which is evident from the SEM
images. Clustering was more on SS 403 substrate compared to IN 738 substrate.

4 mol% Gd2O3 on SS 403

55

12 mol% Gd2O3 on SS 403

8 mol% Gd2O3 on IN 738

56

38 mol% Gd2O3 on IN 738

Figure 3.14: SEM images of GSH coatings at 5000C on SS 403 and IN 738 Substrate, showing the
formation of cluster.

3.2.6 Cross-sectional analysis
The cross sectional analysis was carried out for three purposes, first, to measure the thickness of
the GSH coatings, second, to observe the growth behavior of GSH coatings and third, to analyze the
substrate-coating interface. The thickness of the coatings found after cross-sectional image analysis is
presented in Table 3.2. Cross-sectional SEM images of the GSH coatings grown on Si substrate at
temperature RT and 500 °C are shown in Figure 3.15. The GSH coatings and substrate regions are
indicated in the figure. It is evident from the images that the GSH coatings grow in a columnar fashion
on Si substrate both at RT and 500 oC. This type of columnar structure is usually formed by EB-PVD of
TBCs. The importance of this type of columnar growth is discussed in the introduction chapter. The
columnar structure plays a significant role in reducing the thermal expansion mismatch between the
coating and the substrate. A sharp interface, within the limits of the resolution of instrument, is seen
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between the Si substrate and the coatings. The cross-sectional imaging analysis indicates that there is no
reaction leading to compound formation at the Si–GSH interface even at 500 °C.

Table 3.2: Thickness of GSH coatings of different compositions.
Composition

Thickness (nm)
RT

500 oC

4 mol% Gd2O3

210

258

8 mol% Gd2O3

360

180

12 mol% Gd2O3

370

360

20 mol% Gd2O3

242

335

38 mol% Gd2O3

150

205

RT
~210 nm
nm
Coating
Substrate

58

5000C
~258 nm
nm
Coating

Substrate

Figure 3.15: Cross-sectional SEM images of 4 mol% GSH coatings grown at RT and 5000C on Si
substrate, showing the columnar growth of the coatings.
3.2.7 Elemental composition
The EDS spectra of GSH coatings as a function of Gd 2O3 concentration are presented in figure
3.17. The spectra indicate x-ray emitted from various elements. The peaks corresponding to Gd, Hf, and
O atoms present in the sample are as labeled (Figure 3.16). The peak of Fe appears from the stainless
steel substrate. The absence of any other peaks except from Gd, Hf, and O indicate the high quality
GSH coatings without any elemental impurities incorporated during deposition. It is obvious from the
EDS spectra that the peak intensity of Gd and O is increasing and the intensity of Hf peak is decreasing
with the increase of Gd2O3, as it is expected. The elemental composition is presented in Table 3.3. It can
be seen from the table that Gd concentration increases from 4.8 wt% to 30.13 wt% in the GSH coatings.
The corresponding Hf concentration decreases from 89.5 wt% to 62.08 wt% as the Gd2O3 content is
increased from 4 to 38 mol%. This observation indicates that the composition of deposited coating is
very close to the sputtering target composition. So the deposition was very close to stoichiometry. This
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is an advantage of sputtering deposition technique which produces high quality coatings of composition
very close to the target.
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Figure 3.16: EDS spectra of GSH coatings grown at 500 oC on SS 403 substrate at various Gd2O3
concentrations. The peaks of Gd, Hf and O are labeled.
Table 3.3: Elemental composition of the GSH coatings.

Elements

Composition

4 mol% Gd2O3

8 mol% Gd2O3

12 mol% Gd2O3

20 mol% Gd2O3

38 mol% Gd2O3

Total

O

Gd

Hf

Wt%

5.70

4.80

89.5

At%

40.41

3.44

56.15

Wt%

6.27

10.08

83.65

At%

42.4

6.93

50.67

Wt%

5.32

13.31

81.37

At%

38.1

9.69

52.3

Wt%

5.52

17.69

76.79

At%

38.87

12.67

48.46

Wt%

7.79

30.13

62.08

At%

47.43

18.67

33.9

100

3.2.8 Elemental mapping
The distribution of Gd and Hf atoms on a particular surface area of the deposited GSH coatings
of different compositions were investigated by performing mapping using EDS. Mapping images of
GSH coatings as a function of Gd2O3, are shown in Figure 3.17. It is evident from the images that the Gd
concentration is increasing and Hf concentration is decreasing with the increase of Gd 2O3 content as it is
expected and the Gd and Hf atoms are evenly distributed on this particular surface area.
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Figure 3.17: Surface mapping of GSH coatings showing the concentration of Gd and Hf.

3.2.9 Surface roughness
The average surface roughness of the GSH coatings, Ra is plotted as a function of both Gd2O3
content and substrate temperature, is shown in Figure 3.18. Average roughness is approximately 7 nm
and it does not vary significantly with the Gd2O3 concentration from 4 to 38 mol% range. The growth
temperature also does not affect the roughness of the GSH coatings. The reason of this can be due to the
lower thickness of the deposited coatings.
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Figure 3.18: Average surface roughness of the GSH coatings on Si substrate.

3.2.10 Durability
The durability of the GSH coatings was tested by exposing to the hot gases. The microstructure
of the 4 mol% GSH coatings (grown at 500 oC on SS 403), after various tests is shown in Figure 3.19.
The test conditions can be found in the experimental chapter. After test 1 (5 minutes), some spots were
found on the surface. The surface morphology of the coating remains unchanged. The surface
morphology changes after test 5 (total 80 minutes exposure) as shown in the SEM images. The grains
change its shape which could be due to the sintering of the coatings. After test 8 (total 145 minutes),
large grains are formed on the surface. The sintering of the coating is evident from the SEM image
(Figure 3.19). XRD analysis shows that the (111) peak shifts (30.32°-28.37°) 1.45° leftward (Figure
3.20) compared to the original unexposed sample. The shifting of (111) peak was calculated after fitting
the peak with a Gaussian function. The shifting of peak indicates the expansion of the lattice by an
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amount (5.35 Å -5.10 Å) 0.25 Å which could be due to the strain on the coating developed upon thermal
cycling. The number of black spots is increasing with the exposure time. The formation of these spots
can be due to the accumulation of the carbon particles on the surface from the product of combustion.
The EDS analysis on the black spots (Figure 3.21) shows the higher peak of carbon compared to
unexposed sample.

After test 1

After test 5

65

After test 8

Figure 3.19: Microstructure of the 4 mol% GSH coatings after exposure to hot gases at an impingement
angle 900.
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Figure 3.20: XRD patterns of 4 mol% GSH after test 8 compared to original sample.
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Figure 3.21: EDS spectra on the black spots.

The microstructure of the 12 mol% GSH coatings (grown at 500 oC on SS 403) after various test
is presented in Figure 3.22. Again black spots were found to be formed on the surface. The number of
spots is increasing with the exposure time. The surface morphology of the coatings is changed
completely after test 8 (total 144 minutes). The triangular grains become circular after test 8. Again the
XRD analysis shows that peak shifts leftward (figure 3.23) compared to the original unexposed sample.
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Interestingly, the amount of shifting is exactly same (30.02-28.57= 1.45°) as the shifting of 4 mol%
GSH after test 8. So the expansion of the lattice is same (5.35 Å -5.10 Å=0.25 Å). As mentioned earlier,
this expansion of the lattice could be due to the strain on the coatings.
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Figure 3.22: Microstructure of the 12 mol% GSH coatings after various tests at an impingement angle
900.
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Figure 3.23: XRD patterns of 12 mol% GSH after test 8 compared to original unexposed sample.

The microstructure of the 38 mol% GSH coatings (grown at 500°C on SS 403) after parallel
exposure (impingement angle 0°) is shown in Figure 3.24. The surface morphology does not change
significantly after test 4 (88 minutes). The number of spots on the surface was less compared to
exposure at impingement angle 90°. The surface morphology after test 8 (167 minutes) is shown (Figure
3.24) and it is obvious that the morphology did not change significantly even after a total 167 minutes of
exposure.

After Test 4

After Test 8

Figure 3.24: Microstructure of the 38 mol% GSH coatings after various tests at an impingement angle
0°.
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Chapter 4: Summary and Conclusions
Gd2O3-HfO2 ceramics were prepared both in bulk and coatings form and their microstructure and
durability were investigated. Bulk materials of different compositions (0, 4, 8, 12, 20, 30 & 100 mol%
Gd2O3) were produced in the form of pellets. The effect of Gd2O3 concentration on the crystal structure
is remarkable. XRD analysis shows that HfO2 retains its phase (monoclinic) after sintering while Gd 2O3
changes its phase from cubic at RT to monoclinic after sintering. The Gd 2O3 addition into HfO2 matrix
shows presence of fluorite phase and with the increase of Gd2O3 concentration the monoclinic phase
disappears. When Gd2O3 concentration is 20 mol%, single fluorite phase is formed and monoclinic
phase is disappeared completely. At 38 mol% Gd2O3 fcc Gd2Hf2O7 is formed. The surface mapping
images show that the Hf and Gd atoms are evenly distributed in the pellets. The GSH coatings were
fabricated using RF magnetron sputtering at various substrate temperatures (RT and 500 oC) using the
bulk ceramics. XRD analysis of the GSH coatings shows that Gd2O3 addition stabilizes the cubic phase
of HfO2 and with the increase of Gd2O3 concentration the coating composition is changing to fcc
pyrochlore. The grains are highly oriented along the (111) plane. The lattice constant of the GSH
coatings increases from 5.101 Å to 5.219 Å as the Gd2O3 concentration increases from 4 to 38 mol%.
The crystallite sizes of the GSH coatings grown at 500 oC is larger than the coatings grown at RT. SEM
analysis show that the surface morphology of the coatings is remarkably different at 500 oC compared to
RT. The Coatings grown at 500 oC are highly crystalline and form dense, clustered grains, which are
nanostructured and triangular in shape. The coatings exhibit the columnar structure. The composition
analysis indicates the high chemical quality GSH coatings without any impurities. The composition of
the coatings is very close to the sputtering target composition. So it can be concluded that the deposition
was close to stoichiometry. The average surface roughness Ra of the coatings is ~ 7 nm and does not
vary significantly with the Gd2O3 concentration as well as the substrate temperature. The short term
durability test indicates that parallel exposure results in higher durability of the GSH coatings.
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Chapter 5: Future work
In this research Gd2O3-HfO2 ceramics were investigated for thermal barrier coating applications.
Based on observation, scope for the future work and directions are suggested.

1. Durability of the GSH coatings can be tested as a function of Gd2O3 concentration as well as
growth temperature.
2. Physical and mechanical characterization of the coatings can be performed under various
conditions. For instance, employing nanoindentation to obtain mechanical characteristics can be
pursued to obtain a correlation between growth conditions and mechanical properties of the
coatings.
3. The GSH coatings can be investigated with the application of bond coat.
4. Coatings can be fabricated using EBPVD method and thermal stability can be evaluated.
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